Materials and Methods
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borosilicate tubes, with repeated periodic additions of 0.2 ml 30% H 2 O 2 over 5 days.
Later, samples were dissolved using the combination of a hot HNO 3 and 30% H 2 O 2 digest and Parr  acid digestion bombs. Parr  microwave digestion bombs have been used to completely dissolve Se from a coal fly ash reference material (Kumar and Meeravali, 1996) using HNO 3 and H 2 SO 4 , and to recover Se from pelican livers and kidneys using concentrated HNO 3 (Bruehler and de Peyster, 1999) . In this method, samples were partially digested in borosilicate tubes containing 0.2 g of sample, 3 ml HNO 3 and 0.2 ml 30% H 2 O 2 . This was heated until the H 2 O 2 had decomposed. Solutions were transferred to Parr  acid digestion bombs, and digested overnight (10-12 hours) at 165-170°C. After digestion, samples were transferred to 15 ml Savillex  PFA vials, evaporated to incipient dryness at 80°C, then redissolved in 5 ml 4 N HCl. Vials were tightly closed and placed in an ultrasonic bath for 15-minutes to dissolve and release as much Se as possible from any remaining solids. Solutions were then heated at 100°C for one hour to ensure all Se was in the Se(IV) form. Once cool, samples were transferred to borosilicate tubes.
Phytoplankton, Zooplankton, and Fishes
Selenium retained on the 0.45 m and 10.0 m filters was assumed to be dominated by phytoplankton. Digestion of the filters followed the plant digestion method of Herbel et al. (2002) . Filters were put into PTFE beakers with 5 ml concentrated HNO 3 and heated at 55°C overnight. The 0.45 m filters dissolved but the 10.0 m filters did not.
Periodically, 0.1 ml 30% H 2 O 2 was added over a few days until the additions no longer produced reddish-brown fumes (total 30% H 2 O 2 added approximately 2 ml). Samples were evaporated at 75°C to incipient dryness and dissolved in 6N HCl. Zooplankton, fish S6 livers, fish muscles, and fish eggs were digested using Parr  acid digestions bombs as described in the Plants section.
Sediments and Shale
For brevity in this section, the term sediments is applicable to sediments and shale.
Selenium extraction from a total digestion of sediments and the gypsum sample was obtained using Parr  acid digestion bombs. The Parr digestion step for sediments is slightly different than as described for plant digests: ≤ 0.5 g of sediment was predigested on a 90°C hotplate for 3 hours using 2.5 ml HNO 3 in capped, 15 ml Savillex  PFA vials.
Next, samples were transferred to PTFE Parr  bomb liners with a 0.5 ml HNO 3 rinse of the Savillex  PFA vials to ensure complete transfer. Samples were digested overnight (approximately 10 hours) at 165°C. Digested samples were centrifuged in 15-ml PPCO centrifuge tubes and the undissolved fraction set aside. Processing of the supernatant followed steps described for plant digests with the additional step of passing the samples through 0.45 m filters after heating in 4 N HCl.
The sequential extraction procedure adopted for this project mostly follows Kulp and Pratt (2004) , Martens and Suarez (1997), and Velinsky and Cutter (1990) . In the first step, water soluble Se and adsorbed, ligand-exchangable Se(IV) are extracted using a PO 4 3-buffer solution (Martens and Suarez, 1997) . Next, base soluble Se is removed with a 0.1 M NaOH solution intended to extract labile organics (Martens and Suarez, 1997) .
Elemental Se is removed by means of a 1 M Na 2 SO 3 solution (Velinsky and Cutter, 1990) ; and then mono-and di-selenide and -sulfide minerals are dissolved using a 3 M HCl and 1 M Cr(II) digest (Velinsky and Cutter, 1990) . After these steps, the only S7 remaining Se should be that bound to recalcitrant organics such as kerogen (Kulp and Pratt, 2004) . These are dissolved with a Parr  acid digestion bomb. For convenience of discussing the sediment fractions in the results and discussions sections, Selenium in the extraction steps will be referred to as operationally defined fractions of soluble+adsorbed, labile organic, elemental Se, SSM, and recalcitrant organic, respectively.
Phosphate Extraction of Water Soluble, Adsorbed & Exchangable Se
Starting with a 1 to 3 g dry sample, a 0.1 M KH 2 PO 4 -K 2 HPO 4 (pH = 7) buffer was added at a ratio of 5:1 (v/w) in a 50 ml, PP centrifuge tube. Sediments were mixed on a rotary shaker at 120 RPM for 1 hour. Samples were then briefly mixed with a vortexer to resuspend all sediments, and then replaced on the rotary shaker for 1 hour. Samples were centrifuged at 1,900 xg for 20 minutes. The supernatant was decanted into a borosilicate tube. Water was added at a ratio of 5:1 (v/w), sediments were resuspended, centrifuged, and the supernatant added to the original solution. Enough HCl was added to retain the samples in 4 N HCl solutions. Samples were then treated with heat and K 2 S 2 O 8 , as described in the Waters section.
Sodium Hydroxide Extraction of Labile Organic Se
Sediments recovered from the phosphate extraction were suspended in a 0.1 M NaOH solution at a 5:1 (v/w) ratio and transferred to borosilicate tubes to be digested in a 90°C hot-water bath. Samples were heated for 4 hours, during which time they were resuspended once per hour. Once cool, the samples were transferred to 50 ml, PP centrifuge tubes and centrifuged for 20 min at 1,900 xg, and the supernatant decanted into S8 borosilicate tubes. Sediments were resuspended in 5 ml H 2 O, centrifuged, and the supernatant added to the original solution.
At this point, the published method (Kulp and Pratt, 2004) dissolves the sample in HCl. However, adding HCl to our samples caused precipitation of dissolved organic compounds. To oxidize these compounds, a concentrated HNO 3 volume equal to the sample volume was added the solution refluxed at 100°C for one hour. Samples were then evaporated to incipient dryness in 50 ml PTFE beakers, resuspended in 3 ml concentrated HNO 3 , and digested in Parr  acid digestion bombs. The Parr  digest followed the procedure described in the Plants section.
Na 2 SO 3 Extraction of Elemental Se
Sediments recovered from the NaOH extract were rinsed twice with 10 ml water.
These rinses were discarded. Fifteen ml 1 M Na 2 SO 3 was added to the sediments in 50 ml PP centrifuge tubes. Samples were disrupted for 2 minutes using a Branson Sonifier 450 ultrasonic cell disruptor with a microtip, with the output control set at 5. Samples were then placed in an ultrasonic bath for 8 hours. After this, samples were centrifuged for 20 min at 1,900 xg, and the supernatant decanted into clean 50 ml PP centrifuge tubes. The remaining sediments were washed twice by resuspending in 3 ml 1 M Na 2 SO 3 , centrifuging, and adding the supernatant to the first Na 2 SO 3 supernatant. The combined supernatant was then passed through 0.45 m filters into 50 ml PTFE beakers.
Concentrated HNO 3 was added in a 1:5 (v/v) ratio. The beakers were covered with watch glasses and refluxed at 100°C for 1 hour The watch glasses were removed and the solutions were evaporated to incipient dryness (i.e., until a damp white crystalline crust is S9 formed). The sides of the beakers were washed with 3 ml water and the solution evaporated to near dryness. This step was repeated 2 more times. The sample was then dissolved in 15 ml 4 N HCl and treated using the heated HCl and K 2 S 2 O 8 procedure, as described in the Waters section.
HCl & Cr(II) Extraction of Selenide/sulfide-bound Se
Sediments recovered from the Na 2 SO 3 extraction were resuspended and rinsed 3x with 3 ml water to remove any remaining sulfite. These rinses were discarded. The HCl+Cr(II) extract was performed in a Savillex  PFA ported digestion vessel. The sediment was transferred into the digestion vessel using 15 ml water. Fluorinated ethylene propylene (FEP) tubing delivered an N 2 carrier gas and passed evolved H 2 Se to a Se collection trap. The trap consisted of 5 ml concentrated HNO3 in a borosilicate glass tube. Water vapor was minimized in the trap by passing the gases through an in-line condensation chamber. Once assembled, the digestion vessel was sealed and N 2 (g) was bubbled though the solution to purge all air from the system. Prior to entering the digestion vessel, N 2 (g) first passed through an HCl+Cr(II) solution to remove any oxygen that may be in the N 2 tank. This carrier gas then passed through a sealed, 120 ml serum bottle. Solutions were added to the digestion vessel without introducing air by inserting N 2 (g)-purged syringes through the butyl stopper cap on the serum bottle. Pressure from the carrier gas forced solutions into the digestion vessel. Using an N 2 (g)-purged needle and 60 ml syringe, 15 ml of previously N 2 (g)-purged, concentrated HCl was added to the serum bottle. Next, 60 ml of a 1 M Cr(II) solution was injected into the in-line serum bottle. The 1 M Cr(II) solution was made prior to this extraction step by adding 100 ml 1 S10 M CrCl 3 solution in 1.2 M HCl to a vented serum bottle containing approximately 10 g metallic zinc. The digestion vessel was heated to obtain an approximate internal temp of 90°C and digested for 2 hours. After the digestion was complete, the HNO 3 trap solution was transferred to a 15 ml Savillex  PFA vial and evaporated to incipient dryness. The sample was then redissolved in 10 ml 4 N HCl and treated using the heated HCl and K 2 S 2 O 8 procedure, as described in the Waters section.
Parr


Acid Digestion of Recalcitrant Se
Selenium remaining in the sediments at this stage was digested following the procedures described for the Parr  acid digestion for total Se.
Concerns with Samples Obtained from the Last Two Extraction Steps
Whenever a redox process is used to liberate a targeted form of Se, the procedure may affect the isotope ratios in that step and in the subsequent steps. The double spike cannot be added prior to the digestion steps, so an internal check does not exist to monitor for any fractionation that might be occurring during these steps. The extraction preceding these last two steps oxidizes elemental Se with reduction of Na 2 SO 3 . In the (Tables S1 and S4 ).
Concentration Measurements
Analyses by hydride generation-atomic absorption spectrometry (HG-AAS) employed a Perkin-Elmer 3030 spectrophotometer with a Se hollow cathode lamp.
Sample introduction was via the continuous-flow hydride generation method (Dedina and Tsalev, 1995; Ellis et al., 2003) . Nanopure ® water and reagent grade acids were used for all samples. The 1 M NaOH and NaBH 4 solutions were made fresh, daily. The hydride generation technique volatilizes only Se(IV), so samples must be converted to Se (IV) prior to analysis. Selenium (IV) in a 4 N HCl matrix is forced by a peristaltic pump through narrow tubing, where it is mixed with a 0.6% NaBH 4 (w/v) solution (stabilized with ≈ 0.1 M NaOH) and enters a gas-liquid separator. The reaction produces H 2 Se which S12 is separated from the solution in a stream of N 2 (g). The N 2 (g) carries the H 2 Se into a flame-heated quartz glass absorption tube in the AAS, where absorption was measured at 196 nm. Concentration measurements of the June 2005 data set were made using a similar hydride generation system coupled to a Nu Plasma HR multi-collector inductively couple plasma mass spectrometer (MC-ICP-MS). Both methods quantify dissolved Se(IV) and do not detect Se(VI) or organically bound Se (org-Se).
Total Organic Carbon in Sediments
Total carbon (TC) and total organic carbon (TOC) were determined in the sediment extracts following the procedure of Byers et al. (1978) . A subset of each sample was dried at 105°C and then cooled in a desiccator. A second subset was heated in a muffle furnace at 475°C for 4 hrs and cooled in a desiccator. Heating at 475°C oxidizes the organic carbon to CO 2 (g), leaving only inorganic carbon in the sediment. Both subsets were analyzed for carbon (and nitrogen) in a high temperature (1000°C) Exeter Analytical Model CE 440 CHN Analyzer. Total organic carbon is determined by subtracting TIC from TC.
Double-Spike Method for Isotope Analysis
Selenium isotope ratio measurements were analyzed using a double isotope tracer (double spike) method. The double-spike method, briefly reviewed here, is covered in detail in Johnson et al (1999) . The double spike, added in the same valence state as the Se to be analyzed, is added as early as possible during sample preparations. Because this spike is incorporated into each sample, this method corrects for any isotopic fractionation S13 that may occur during sample purification steps when full recovery is not achieved, as well as for instrumental bias that occurs during isotope analysis. During mass spectrometry, the instrument has a strong but nearly constant mass bias in favor of heavier isotopes relative to lighter ones. Correction for the mass bias, mathematical separation of sample isotopes from spike isotopes, and calculation of the sample's isotopic composition are performed using an iterative algorithm (Johnson et al., 1999) .
The iterative reduction program used the natural abundances of Se isotopes as determined by Wachsmann and Heumann (1992) as an initial value.
The double spike solution, which was used for most analyses in this study contained For isotope analysis 50 to 200 ng Se per analysis were separated from sample matrices and purified as necessary to remove elements that interfere with Se mass spectrometry. In most cases, the spike was added as soon as the Se was suspended in a solid-free 4N HCl solution which had been heated to convert all Se to Se(IV).
Exceptions were water samples prepared for selective analysis of Se(VI) and Se(IV). For these samples, the double spike was added as the first step in sample preparation.
Selective analysis of Se(VI) from water samples was accomplished via anion exchange. The double spike was added in Se(VI) form, and Se(VI) was recovered via an anion exchange technique similar to that described in the Waters section for Se(VI) S14 concentration determination in pore waters. In this step, the resin bed volume was 1.0 ml, the weak HCl rinse consisted of 15 ml 0.05 N HCl, and Se(VI) was eluted with 10 ml of 4.5 N HCl.
Selective analysis of Se(IV) exploited the fact that the Se purification techniques recover only Se(IV). The double spike was added to an aliquot of each sample, and HCl was added to attain a 4 N HCl just prior to processing through the Se(IV)-specific purification steps described next.
Purification of Se for mass spectrometry followed one of two methods; both methods recover only Se(IV). The majority of samples were processed using a combination of hydride generation, which separates the Se from most of the sample matrix, and anion exchange, which separates Se from other hydride forming elements such as As and Ge. A thiol-cotton fiber (TCF) extraction method (Rouxel et al., 2002) was employed on a small subset of the samples, specifically, phytoplankton samples, dissolved Se(IV) and total dissolved Se from the 2005 sampling, and replicates of the Mancos Shale total digests. Both purification methods yielded ≥ 80% recovery of the Se.
The loss of some Se does not affect the measured isotope ratios because the double spike technique corrects for any isotopic fractionation induced by these steps.
The hydride generation step uses a process similar to that used in AAS concentration measurements, except a fritless gas-liquid separator was used to minimize surfaces that could act as nucleation sites where Se(0) could precipitate. This step removes most of the sample matrix, leaving only the few elements that form hydrides.
The generated H 2 Se is captured in a borosilicate tube containing a mixture of 1 ml 30% H 2 O 2 and 5 ml 1 M NaOH. Heating converts all trapped Se to the Se(VI) form. Selenium (VI) is then separated from As and Ge using the anion-exchange procedure.
The TCF method exploits the high affinity of Se for thiol groups. Thiolimpregnated cotton was made following the method described by Yu et al. (1983) . The extraction method follows that of Rouxel et al. (2002) , with minor modifications needed to decrease the abundance of interfering dissolved organic molecules in the final solution.
The TCF (0.14 g) is inserted into a 12 ml capacity ion chromatography column and saturated with 3 ml H 2 O. Next, the TCF is conditioned with 1 ml 6 N HCl and 1 ml 0.8 N HCl. Sample solutions are diluted to attain 0.8 N HCl strength and passed through the column to bind Se to the thiol groups. While in the column, the TCF is washed with 2 ml 6 N HCl, then 3 ml H 2 O. Next, the TCF is suctioned to remove as much solution as possible. The TCF is then transferred to 15 ml PP centrifuge tubes, along with a 1 ml 5:2:3 mixture of HNO 3 : 30% H 2 O 2 : H 2 O, and heated in a boiling water bath for 20 minutes. The solution is allowed to cool, 3.5 ml H 2 O is added, and the solution is separated from the TCF via centrifuging. Solutions are transferred to 15-ml PFA vials, 1 ml concentrated HNO 3 is added, and the solutions are evaporated to incipient dryness. To break down remaining organic molecules, a 0.1 ml of mixture of a 1:2 HNO 3 :30% H 2 O 2 solution is added and then evaporated to incipient dryness, three times. Samples are dissolved in 5 ml 5 N HCl, heated at 100°C for 60 minutes, and stored for analysis.
Isotope Ratio Measurements
Isotope measurements from this field study were analyzed at the same time as reduction experiments performed on sediments from Sweitzer Lake (Clark and Johnson, 2008) . The Supporting Information file published with Clark and Johnson (2008) provides a more detailed description for obtaining isotope ratio measurements. (Table S9 ).
Methods follow those of Rouxel et al. (2004; 2002) and Carignan and Wen (2007) who measured Se isotopes on an Isoprobe MC-ICP-MS. In contrast to using a double spike, those studies determined instrumental mass bias using sample-standard bracketing.
Selenium enters the plasma of the MC-ICP-MS via a continuous-flow hydride generator similar to that described in Rouxel et al. (2002) , exclusive of a mixing coil and the gasliquid separator is at room temperature instead of being cooled to 4C. Se (Ellis et al., 2003; Herbel et al., 2000; Herbel et al., 2002; Johnson et al., 2000; Johnson et al., 1999 Se based on the assumption isotope shifts are caused by mass-dependent isotope fractionation that follows an exponential law (Albarède and Beard, 2004) , The steps to convert between isotope ratios using the exponential law are shown in Clark and Johnson (2008) Supporting Information.
MC-ICP-MS analysis of Se involves correction for numerous interfering species:
Ar dimmers, Se hydrides, ArCl, Kr, Ge, As, and Br hydrides are of the most concern (Table S10 ). These interferents must be monitored and corrected for, when necessary. A second interlaboratory standard, MH495, was analyzed and compared repeatedly to SRM 3149 on both instruments. SRM 3149 is a Se concentration standard made by NIST that has been adopted as an isotope standard (cf., Carignan and Wen, 2007) .
S20
MH495 is a provisional interlaboratory isotope standard. On the Isoprobe, the average difference between MH495 and SRM 3149 was  Se(‰) SRM = -2.21‰ (n=1). The differences in the numbers might be due to an interference, but this seems unlikely as the standards were from the same bottle. It may be that heating the solution to ensure all of the standard was Se(IV) had an effect: MH495 was heated prior to analysis at the Field Museum, but it was not heated prior to measurements at UIUC. More recent work on the Nu Plasma at UIUC has indicated that this could be an issue. The offset of about 0.44‰ is slightly larger than the 2 uncertainty of the data set, and the variations in the separation of the two standards is a minor concern. However, the amount of offset for any data would be proportional to the difference between the two values. The range of isotopic values for samples measured in this study is less than the difference between the two standards. The effect this issue has on the interpretations presented here is small. Data consistency between the two double spikes and the two preparation methods is supported by repeat analyses of the total digests of the three Mancos Shale samples that were originally spiked with the 82+74 Se double spike and processed by HG. Replicate analyses were performed on these three samples using the 77+74 Se double spike and were processed using TCF. Two of these replicate results agree with the original measurements. The 2 uncertainty of the third just overlaps that of the original analysis S21 (Table S1 ). Also, the results of zooplankton sample, 10-ZP, processed by both TCF and by HG, are indistinguishable (Table S3) Sample numbers correlate to sampling locations in Figure 1 . Eighty-three isotope analyses were conducted on water samples, including 10 reps and 4 dups. No reps were performed on the DVS samples due to the sample size and low concentrations. rep: repeat preparation and analysis of a sample dup: repeat analysis of a previously prepared sample Sample numbers correlate to sampling locations in Figure 1 . Four isotope analyses were conducted on algae samples, with no reps or dups; 26 analyses were conducted on macrophyte samples, with no reps or dups. (The same species were sampled at multiple locations.) Four analyses were conducted on zooplankton samples, including 1 rep and 1 dup; 12 analyses were conducted on fishes, including 1 rep and 2 dups; and, 11 analyses were conducted on phytoplankton samples, including 1 rep. ND: not determined rep: repeat preparation and analysis of a sample dup: repeat analysis of a previously prepared sample Phytoplankton concentrations are given as ng Se L -1 H 2 O. TCF: thiol-cotton fiber purification GLS: gas-liquid separator purification Table 7 for pore water concentration values. Fifty-six isotope analyses were conducted on sediment samples, including 6 reps and 1dup. Thirteen isotope analyses were conducted on pore water samples, including 1 rep and 2 dups. ND: not determined rep: repeat preparation and analysis of a sample dup: repeat analysis of a previously prepared sample Sample numbers correlate to sampling locations in Figure 1 . PW (pore waters); PO 4 3-(adsorbed+soluble extract); OH -(labile organics extract); SO 3 2-(elemental Se extract); HCl/Cr(II) (SSM extract); acid bomb (recalcitrant organics extract); TD acid bomb (Total Digest) Sample numbers correlate to sampling locations in Figure 1 . 
